The inactive transcription factor NF-jB is localized in the cytoplasm and rapidly responds to a variety of extracellular factors and intracellular stress conditions to initiate multiple cellular responses. While the knowledge regarding NF-jB signaling pathways initiated by extracellular ligands is rapidly expanding, the mechanisms of activation by intracellular stress conditions are not well understood. We recently described a critical role for a small ubiquitin-like modifier (SUMO) modification of NF-jB essential modulator (NEMO), the regulatory subunit of the IjB kinase, in response to certain genotoxic stress conditions. One important unanswered question is whether the role of this modification is limited to the genotoxic agents or some other signaling pathways also employ SUMOylation of NEMO to regulate NF-jB activation. Here, we report that a variety of other stress conditions, including oxidative stress, ethanol exposure, heat shock and electric shock, also induce NEMO SUMOylation, thus demonstrating that DNA damage per se is not necessary for this NEMO modification to occur. Moreover, combinations of certain SUMO stress and ATM (ataxia telangiectasia mutated) activation conditions lead to NF-jB activation without inducing DNA damage. Our study helps to conceptualize how individual or a combination of different stress conditions may funnel into this previously unappreciated signal transduction mechanism to regulate the activity of the ubiquitous NF-jB transcription factor.
Introduction
The Rel/NF-kB family of transcription factors has been intensively studied as an important paradigm to understand how extracellular signals activate latent transcription factors to alter cellular gene expression profiles (reviewed in Hayden and Ghosh (2004) ). The prototypical mammalian NF-kB complex, a p50:p65 heterodimer, exists in the cytoplasm in an inactive state due to its association with an inhibitor protein, such as IkBa. Signaling cascades induced by extracellular ligands, including tumor necrosis factor (TNF), interleukin-1 and bacterial lipopolysaccharide (LPS), activate NF-kB via convergence on the cytoplasmic IkB kinase (IKK) complex. The core IKK complex consists of IKKa and IKKb catalytic subunits and a regulatory subunit, NF-kB essential modulator (NEMO)/IKKg. A recently identified protein, ELKS, is also a component of the IKK complex (Ducut Sigala et al., 2004) . Activated IKK phosphorylates IkBa to cause its degradation by the ubiquitin-proteasome pathway. The free NF-kB then migrates into the nucleus and induces target genes involved in development, immune and inflammatory responses, regulation of apoptosis and oncogenesis, among other processes (reviewed in Li and Verma (2002) , Aggarwal (2004) , Karin and Greten (2005) , Siebenlist et al. (2005) .
In addition to the extrinsic factors, many intracellular stress conditions have been shown to also cause the activation of NF-kB. The classical of these is oxidative stress (for reviews see Li and Karin (1999) , JanssenHeininger et al. (2000) , Karin et al. (2001) but other stresses, including genotoxic stress (Hsiang et al., 1985; Piret and Piette, 1996; Huang et al., 2000; Habraken et al., 2001; Tergaonkar et al., 2002) , heat shock (KretzRemy et al., 2001) , ethanol exposure (Ward et al., 1996; Szabo et al., 2001; Yao et al., 2001 ) and electric stimuli (Sauer et al., 1999) can also stimulate NF-kB signaling pathways in certain cell systems. An increase or decrease in hypertonicity Michalke et al., 2000; Tabary et al., 2003) also leads to activation of NF-kB. The mechanisms of NF-kB activation by these cell stress conditions are yet unclear. In the case of genotoxic stress, different signaling events are implicated in NF-kB activation, such as the ataxia telangiectasia mutated (ATM) protein kinase (Lee et al., 1998; Piret et al., 1999; Li et al., 2001; Huang et al., 2003) and multiple cytoplasmic signaling components (Romashkova and Makarov, 1999; Habraken et al., 2001; Hur et al., 2003; Panta et al., 2004) . Oxidative stress was originally suggested to play a conserved role in NF-kB activation induced by multiple extracellular stimuli (JanssenHeininger et al., 2000) , but recent findings suggest that its role may be cell type selective (Li and Karin, 1999; Karin et al., 2001) . Cell type selectively of NF-kB activation by other cell stress conditions also complicates the dissection of the mechanisms involved.
We have previously provided evidence that in addition to ATM activation, a post-translational modification of NEMO by the small ubiquitin-like modifier (SUMO)-1 was also necessary for NF-kB activation in response to certain genotoxic agents, such as camptothecin (CPT) and etoposide (VP16) (Huang et al., 2003) . Importantly, NEMO SUMOylation did not appear to be generally required for NF-kB activation pathways induced by TNFa and LPS. To gain further insight into the role of SUMOylation of NEMO in stress signaling pathways, we examined whether DNA damage per se was essential to cause NEMO SUMOylation and whether other non-genotoxic stress conditions could also cause this modification event. We found that H 2 O 2 , heat shock, ethanol and electric stimuli all efficiently induced SUMOylation of NEMO, thus demonstrating that DNA damage per se is not necessary to cause this modification of NEMO. Moreover, ATM activation by hypotonic shock and chloroquine was able to cooperate with SUMOylated NEMO to activate NF-kB, indicating that the localization of ATM at the DNA damage site is also nonessential. Our study demonstrates that different non-genotoxic stress conditions can also induce SUMOylation of NEMO and cooperate with ATM to promote NF-kB activation.
Results

Electroporation of restriction enzymes cause IKK and NF-kB activation
We previously provided evidence that NF-kB activation by CPT correlated with the induction of DNA doublestrand breaks (DSBs) (Huang et al., 2000) . We further showed that this activation depends on ATM (Huang et al., 2003) . Similarly, NF-kB activation by other DSBinducing agents, such as VP16, doxorubicin, and ionising radiation (IR), is also prevented by ATM inhibitors, wortmannin and caffeine (Supplementary Figure S1) . Inhibition of the ATM kinase activity was monitored by the inhibition of CHK2 phosphorylation, a downstream target of ATM (Sarkaria et al., 1998) . While DSBs are the key lesions induced, the above DNA damaging agents can also cause other stress events including single-stranded nicks, protein-DNA adducts, modified bases, stalled replication forks, transcriptional perturbations and/or oxidative stress (Hsiang et al., 1985; Hsiang et al., 1989; Wu and Liu, 1997; Hiraoka et al., 1998; Strumberg et al., 2000) . Thus, it is unclear whether DSBs per se are sufficient to initiate the NF-kB activation pathway.
To gain insight into whether DSBs can lead to NF-kB activation, we electroporated PvuII enzyme into CEMkB, a derivative of the CEM human leukemic cell line harboring a stably integrated 3 Â kB-GFP reporter gene (Wuerzberger-Davis et al., 2005) . Previous studies have shown that restriction enzymes could efficiently create DSBs in the mammalian genomic DNA following electroporation (Ager et al., 1991; Kinashi et al., 1995) . Induction of DSBs was observed beginning at 30 min, peaking around 1 h, and being undetectable by 2 h using a TUNEL assay (Nelms et al., 1998) (Figure 1a) . These results are consistent with the previous work demonstrating that PvuII-induced DSBs peak around 30-60 min post-electroporation and become undetectable within the next 2 h (Ager et al., 1991) . The PvuIIelectroporated cells also exhibited NF-kB activation as detected by NF-kB-dependent GFP expression, similar to TNFa stimulated conditions (Figure 1b) . Different types of DSB ends appeared permissive for NF-kB activation as electroporation of restriction enzymes that created different DNA ends all efficiently induced GFP expression (Figure 1c and d) . DSB induction was necessary, since electroporation of heat-inactivated enzymes did not result in GFP induction ( Figure 1d , lane 5; others not shown). Also, electroporation stress alone did not induce NF-kB-dependent GFP expression (lane 7).
To confirm that NF-kB-dependent induction of GFP expression by electroporated restriction enzyme was due to signaling events leading to IKK activation, as in the case with other DSB inducing agents, an immunocomplex IKK assay was next performed next. This assay demonstrated that electroporation of PvuII, but not heat-inactivated PvuII, caused IKK activation (Figure 1e) . Finally, the ATM inhibitors wortmannin and caffeine efficiently blocked PvuII-induced activation of NF-kB (Figure 1f) . Thus, NF-kB activation by electroporation of PvuII involves ATM and IKK activation.
DSBs in the context of episomes are also permissive for NF-kB activation To further evaluate the requirement of the context in which DSBs need to be present to promote NF-kB activation, we electroporated naked linear DNA (Figure 2a) , mononucleosomes, and a mixture of higher order nucleosomes (Figure 2c ) into CEMkB cells. While we could obtain the evidence of the presence of exogenous DNA in the nucleus of the recipient cells (Figure 2a ), NF-kB-dependent induction of GFP was undetectable (Figure 2a, b and d) . This may be due to inefficient activation of ATM as evidenced by the lack of robust phosphorylation on S1981 of ATM, a marker of activated ATM (Bakkenist and Kastan, 2003) , under these conditions (Figure 2b ; others not shown). In contrast, electroporation of PvuII led to strong reactivity to the phospho-S1981 ATM antibody (lane 2).
Next, to test whether DSBs in the context of stably introduced episomes could cause NF-kB activation, an I-SceI site was first introduced into the Epstein-Barr Viral episomal vector p220.2 (Figure 2e ) that harbors both a hygromycin selectable marker and EBNA1 expression cassettes to permit stable episomal propagation in recipient cells (Leight and Sugden, 2001 ). This vector was stably introduced into 293kB cells (HEK293 cells engineered to harbor a stable 3 Â kB-GFP reporter gene) and a stable cell clone designated 293kB-EBV-ISceI was isolated. When 293kB-EBV-I-SceI cells were electroporated with I-SceI enzyme, NF-kB activation was evident as detected by GFP expression (Figure 2f , lane 3). In contrast, electroporation of I-SceI in 293kB without the episomal vector did not yield any detectable GFP induction (data not shown). Thus, these results suggest that DSBs in the context of endogenous chromatin and exogenous episomal contexts seem sufficient to promote an NF-kB activation pathway. Surprisingly, however, when we transfected an I-SceI expression vector that encodes I-SceI with a nuclear localization signal to target it to the nucleus (Supplementary Figure S2A (Jasin, 1996) , we could not detect any evidence for NF-kB activation (Supplementary Figure S2B) . Moreover, when we created DSBs via introduction of PvuII via BioPORTER (Supplementary Figure S2C) , we also failed to induce NF-kB-dependent GFP expression (Supplementary Figure S2D) . Together, these observations indicate that while DSB induction is necessary, it is insufficient to cause NF-kB activation. They also suggest that an undefined event associated with the electroporation procedure is also critical for NF-kB activation.
A variety of cell stresses cause SUMOylation of NEMO without inducing DSBs
As we previously found the requirement for SUMOylation of NEMO, in conjunction with DSB-dependent ATM activation (Huang et al., 2003) , we examined the possibility that electroporation stress was inducing this NEMO modification to promote NF-kB activation by restriction enzymes. Indeed, we were surprised to find that the electroporation stress per se was a robust inducer of NEMO SUMOylation in NEMO-deficient 1.3E2 cells stably reconstituted with Myc-NEMO ( Figure 3a ). Since electroporation stress alone did not induce DSBs or ATM activation (Figures 1a and 2b) , SUMOylation of NEMO clearly did not depend on these molecular events. Moreover, electroporation alone also failed to induce IKK activation and NF-kBdependent GFP expression (Figures 1b, d and f and 2a, b, d and f), further indicating that SUMOylation of NEMO alone was also insufficient to cause NF-kB activation.
The above observations suggested the possibility that SUMOylation of NEMO is not limited only to DSBinducing conditions and different cell stress conditions might induce this post-translational modification of NEMO. Previous studies have shown that ethanol exposure and heat shock could increase SUMOylated protein levels in Arabidopsis (Kurepa et al., 2003) . In addition, oxidative stress was also shown to cause SUMOylation in plant (Kurepa et al., 2003) , yeast (Zhou et al., 2004) and mammalian cells (Mao et al., 2000; Saitoh and Hinchey, 2000) . To test whether these additional stress conditions can also induce NEMO SUMOylation, we exposed Myc-NEMO cells to these stress conditions. Exposure to 5% ethanol or 431C heat , electroporated with 50 U of PvuII (lanes 4-6) or 50 U of heat-inactivated PvuII (lanes 7-9) for the times indicated. Lysates were prepared and an IKK kinase assay was performed using GST-IkBa (upper panel). The membrane was then probed for IKKa (lower panel) and GST (middle panel) to confirm equal protein loading. (f) CEMkB cells were pretreated for 30 min with 30 mM wortmannin (Wort., lanes 4 and 5) or 5 mM caffeine (Caff., lanes 6 and 7) or left untreated (lanes 1-3) . Following the 30 min pretreatment, CEMkB cells were either left untreated, electroporated with buffer (lanes 2, 4 and 6), or electroporated with PvuII (lanes 3, 5 and 7) and allowed to recover for 6 h. NF-kB activation was determined by Western analysis monitoring GFP expression (upper panel). Chk2 phosphorylation status (middle panel) and protein levels of actin (lower panel) were also monitored by Western analysis.
shock induced transient SUMOylation of NEMO (Figure 3b and c, respectively). However, these conditions did not result in NF-kB activation (Supplementary Figure S2D , lane 4; others not shown). Similarly, exposure of Myc-NEMO cells to H 2 O 2 also led to SUMOylation of NEMO (Figure 4a ). In this case, however, NF-kB activation was induced by H 2 O 2 (see below).
Oxidative stress is a 'dual stress' inducer capable of inducing both NEMO SUMOylation and ATM activation leading to IKK activation Oxidative stress, such as that induced by H 2 O 2 , is one of the classical inducers of NF-kB activation (Schreck et al., 1991; Baeuerle and Henkel, 1994; Takada et al., 2003) . However, mechanisms of NF-kB activation by H 2 O 2 are not well understood. Tyrosine phosphorylation of IkBa leading to NF-kB dissociation (Schoonbroodt et al., 2000) , IKK activation by undefined mechanisms (Kamata et al., 2002) , and protein phosphatases (Gloire et al., 2006) , have all been implicated in NF-kB activation by oxidative stress conditions. It is also well established that H 2 O 2 can activate ATM Total cell extracts were prepared and Western Analysis using an anti-GFP antibody monitored activation of NF-kB. An anti-phospho-S1981 ATM antibody monitored ATM activation 6 h following electroporation (middle panel). Equal loading was confirmed by examining ATM protein levels using anti-ATM antibody (lower panel). Myc-NEMO cells were electroporated with buffer and allowed to recover for the specified times. SUMOylation of NEMO was observed by immunoprecipitation of NEMO with an anti-Myc antibody followed by Western analysis with an anti-SUMO-1 antibody (upper panels). Equal protein levels were observed by probing the membrane with anti-NEMO (lower panels). (b) 1.3E2 Myc-NEMO cells were treated with 5% EtOH for the times indicated. SUMOylation of NEMO was observed in the same manner as in (a). (c) 1.3E2 Myc-NEMO cells were exposed to heat shock in a 431C water bath for the times indicated. SUMOylation of NEMO was observed in the same manner as in (a). (Shi et al., 2004) . However, the role of ATM in H 2 O 2 -dependent NF-kB activation has not been documented. Consistent with a previous study (Shi et al., 2004) , we also found ATM activation by a range of H 2 O 2 concentrations (Figure 4b) . Thus, H 2 O 2 is a 'dual stress inducer' capable of inducing both NEMO SUMOylation and ATM activation in certain cellular contexts.
As we observed induction of both of these molecular events, we next tested whether NF-kB activation by H 2 O 2 was dependent on ATM activation. Indeed, NFkB activation by H 2 O 2 in CEM cells was greatly reduced by reduction of ATM expression by small interfering RNAs against ATM (Figure 4c and d) . In addition, H 2 O 2 also caused activation of IKK, which was effectively blocked by the ATM inhibitor wortmannin (Figure 4e and f) . Consistent with IKK activation, we also observed degradation of IkBa upon H 2 O 2 exposure (Figure 4c ). These results indicated that activation of IKK and NF-kB by H 2 O 2 depends on ATM activation, at least in the CEM T cell system. Moreover, our findings suggest that H 2 O 2 is the first physiological signal capable of inducing dual stresses (NEMO SUMOylation and ATM activation) leading to NF-kB activation. ATM activation was monitored by Western analysis using an anti-phospho-S1981 ATM antibody (pATM, upper panel). Equal loading was confirmed by examining ATM protein levels using an anti-ATM antibody (lower panel). (c) CEM cells were treated with 500 mM H 2 O 2 for 3 h. NF-kB activation was monitored by EMSA (upper panel) and IkBa degradation (middle panel). Equal loading was confirmed by monitoring actin protein levels (lower panel). (d) CEM cells were transiently transfected with either control or ATMdirected siRNAs using the nucleofector system. After 24 h, cells were treated with 100 mM H 2 O 2 (lanes 2 and 5) or 10 mM VP16 (lanes 3 and 6) for 3 h. NF-kB activation was monitored by EMSA (upper panel). The efficiency of the ATM knock down was examined by monitoring ATM protein levels. Equal loading was confirmed by monitoring Oct-1 binding for EMSA analysis and actin protein for Western blot analysis. (e) CEM cells were left untreated (lanes 1, 3 and 5) or pretreated with 30 mM wortmannin (Wort.) for 30 min (lanes 2, 4 and 6). Following pretreatment, cells were either left untreated (lane 1) or treated with 10 mM VP16 (lanes 3 and 4) or 500 mM H 2 O 2 (lanes 5 and 6) for two more hours. Lysates were prepared and an IKK kinase assay was performed using GST-IkBa (upper panel). The blot was then probed for IKKb (middle panel) and IKKg (lower panel) to confirm equal protein loading. (f) A graph depicting the relative IKK activity of a total of three experiments as measured by a phosphoimager.
ATM activation in the absence of DSBs cooperates with SUMOylated NEMO to activate NF-kB Even though active ATM is known to exist at DSB sites as well as diffusely in the nucleoplasm (Bakkenist and Kastan, 2003) , it is unknown which form of ATM is necessary to initiate an NF-kB activation pathway. H 2 O 2 can also cause DNA breaks (Banath and Olive, 2003) and this may be involved in ATM activation by oxidative stress conditions (Shi et al., 2004) . To determine whether the presence of ATM at the DSB sites is essential for NF-kB activation or not, we next examined whether diffuse nuclear ATM activation presumably without the induction of DSBs, such as that induced by treatment with chloroquine or hypotonic shock (Bakkenist and Kastan, 2003) , could lead to NF-kB activation.
When Myc-NEMO cells were treated with hypotonic shock, no NF-kB activation was evident (Figure 5a , lane 3). In contrast, hypotonic shock led to NF-kB activation in 1.3E2 cells stably reconstituted with a SUMO-NEMO fusion protein to bypass the requirement for the induction of NEMO SUMOylation (Huang et al., 2003) (lane 7) to the same extent as that induced by optimal dose of VP16 (land 6). The levels of NF-kB activation were modest in these cells possibly due to lower NEMO expression levels. A combination of hypotonic shock and VP16 treatment did not lead to a further increase in the NF-kB response (lane 8), indicating that NF-kB activation by these two different conditions was not additive and was likely saturated. Modest IkBa degradation was also observed under these conditions in SUMO-NEMO cells (Figure 5a ). We could not directly examine ATM activation in these cells due to the lack of the reactivity of the anti-phospho-S1981-ATM antibody in these murine cells (data not shown). However, ATM activation was observed in hypotonic shock-treated HEK293 cells (Figure 5b ) consistent with the previous report (Bakkenist and Kastan, 2003) . Moreover, wortmannin efficiently blocked NF-kB activation by hypotonic shock (Figure 5c , lane 4), further suggesting the involvement of ATM in this activation process.
Similarly, chloroquine (another condition that activates ATM without DSB induction) was also able to cause IkBa degradation and NF-kB activation in SUMO-NEMO cells, but not in NEMO-WT cells (Figure 5d ). These results together suggested that ATM activation without directly inducing DSBs could lead to NF-kB activation when SUMOylated NEMO was constitutively provided. Importantly, these results also indicated that ATM localization to DSB sites is probably not necessary to cause NF-kB activation. Accordingly, when we combined an electroporation (a 'SUMO stress') with hypotonic shock (an 'ATM stress'), a weak but measurable activation of NF-kB was observed in HEK293 (Figure 5e , lane 5). This activation was sensitive to inhibition by wortmannin (Figure 5e ), suggesting the involvement of ATM. Moreover, a similar trend could be observed in mouse embryonic fibroblasts stably expressing SUMO-NEMO fusion protein (Supplementary Figure S3) . Collectively, our findings demonstrate that combinations of certain conditions that lead to SUMOylation of NEMO and ATM activation without inducing DSBs per se could initiate an NF-kB signaling pathway.
Discussion
Our previous study identified a role for SUMO modification of NEMO in NF-kB activation by CPT 4) and SUMO-NEMO (lanes 5-8) expressing 1.3E2 cells were placed in PBS without (lanes 1 and 5) or with 10 mM VP16 (lanes 2 and 6) or in a hypotonic buffer (hypo, 100 mM NaCl) without (lanes 3 and 7) or with 10 mM VP16 (lanes 4 and 8). NF-kB activation was monitored by EMSA (upper panels) and NEMO expression levels confirmed equal loading (lower panels). (b) HEK293 cells were exposed to either 100 mM (hypo, lanes 2 and 4) or 50 mM (hypo, lanes 3 and 5) NaCl without (lanes 2 and 3) or with (lanes 4 and 5) 10 mM VP16 treatment for 2 h. Total cell extracts were made and NF-kB activity was monitored by EMSA. ATM activation was monitored by Western analysis using an anti-phospho-S1981 ATM antibody. (c) SUMO-NEMO expressing 1.3E2 cells were treated with 10 mM VP16 (lane 1) or placed in hypotonic buffer (hypo, lane 2) without (lanes 2 and 4) or with 10 mM VP16 (lanes 3 and 5). Wortmannin (30 mM) was used to monitor ATM dependence (Wort., lanes 4 and 5). NF-kB activation was monitored by EMSA. (d) 1.3E2 cells expressing Myc-NEMO (left panels) or SUMO-NEMO (right panels) were treated with 10 mM VP16 (lanes 2 and 5) or 100 mg/ml chloroquine (lanes 3 and 6) for 6 h. NF-kB activation was monitored by EMSA. (e) HEK293 cells were either pretreated with 30 mM wortmannin for 30 min (Wort., lanes 4 and 6) or left untreated (lanes 1-3 and 5). After 30 min, HEK293 cells were electroporated with buffer as described in Figure 1 (Electro, lanes 2, 5 and 6). Immediately following electroporation, HEK293 cells were placed in hypotonic conditions (lanes 5 and 6). Analysis was performed as outlined above. and VP16 (Huang et al., 2003) . In this model, these DNA damaging agents induce DSBs in the nucleus to activate nuclear ATM kinase. In parallel, they also induce a 'stress' that causes SUMOylation of NEMO to promote its nuclear accumulation. This latter process is ATM-independent. Thus, one of the key mechanistic questions was whether or not a DSB-initiated signaling pathway, besides ATM activation, was acting on NEMO to cause SUMO-1 modification, that is, whether DSB is essential for NEMO SUMOylation. To address this issue, we sought to determine whether induction of DSBs per se by restriction enzymes was sufficient to cause NF-kB activation. Indeed, we found that electroporation of various restriction enzymes, regardless of the types of DSB end structures that they generated, caused efficient NF-kB-dependent GFP induction in the CEMkB cells (Figure 1 ). This activation involved ATM and IKK activation, like the CPT and VP16 paradigms. Prior heat inactivation of restriction enzymes prevented NF-kB activation, thus, supporting the necessity of inducing DSBs to activate NF-kB. Introduction of DSBs in different DNA contexts indicated that those in genomic DNA or episomes, but not naked DNA or nucleosomes, was necessary to efficiently induce NF-kBdependent GFP expression (Figure 2) . Thus, these observations together appeared to support the essential role for DSBs to fully initiate this NF-kB signaling pathway.
However, when we induced DSBs by means of BioPORTER, rather than electroporation, we could not activate NF-kB (Supplementary Figure S2) . Moreover, expression of the I-SceI enzyme by transfection of an HA-NLS-I-SceI expression vector (Jasin, 1996) , rather than electroporation of the I-SceI protein, also failed to cause NF-kB activation (Figure 2 ; Supplementary Figure S2 ). These findings indicated that induction of DSBs per se was insufficient to initiate an NF-kB activation pathway. Indeed, when we examined the induction of SUMOylation of NEMO, we found that the process of electroporation, without addition of any restriction enzymes, induced this modification robustly ( Figure 3) . As electroporation alone did not induce DSBs or ATM activation (Figures 1 and 2) , DSB induction per se was not required to cause NEMO SUMOylation. In addition, several other stress conditions, such as heat shock, ethanol exposure and oxidative stress, also induced SUMOylation of NEMO (Figure 3 ). These findings demonstrated that the induction of DSBs is not necessary for SUMOylation of NEMO and different forms of cell stress conditions can promote this modification event. Importantly, all of these conditions, with the exception of oxidative stress, could not cause NF-kB activation by themselves. Thus, in the absence of concomitant ATM activation, SUMOylation of NEMO is clearly insufficient to initiate an NF-kB activation pathway.
ATM is recruited to the sites of DSBs (Shiloh, 2003) , but active ATM is also found diffusely in the nucleoplasm (Bakkenist and Kastan, 2003) . While certain substrates, such as H2AX and NBS1, are proposed to be phosphorylated by ATM at the DSB sites (Gatei et al., 2000; Lim et al., 2000; Falck et al., 2005) , other substrates, like p53 and CREB, appear to be phosphorylated by ATM at distant locations in the nucleus (Lukas et al., 2003; Shi et al., 2004) . Thus, another basic mechanistic question regarding NF-kB activation induced by genotoxic stress is whether or not ATM has to be present at the DSB sites to propagate the NF-kB activation signal. To test this concept, we attempted to cause ATM activation without simultaneously inducing DSBs. Kastan and co-workers have demonstrated that exposure of cells to hypotonic conditions, chloroquine or tricostatin A can cause ATM activation without inducing DSBs as measured by anti-phospho-S1981 ATM reactivity (Bakkenist and Kastan, 2003) . While ATM activation could be detected, these conditions alone did not efficiently induce NF-kB activation ( Figure 5 ). However, in the constitutive presence of a SUMO-NEMO fusion protein, these agents induced NF-kB activation ( Figure 6 ). Moreover, the ATM inhibitor wortmannin completely blocked NFkB activation under these conditions, indicating that ATM activation was indeed necessary. Similarly, MEFs stably expressing a SUMO-NEMO protein activated NF-kB by hypotonic shock more efficiently than those without the fusion protein. Finally, a combination of electric and hypotonic shocks caused NF-kB activation in a manner sensitive to ATM inhibitors. Thus, these findings collectively indicate that (i) DSB induction and ATM activation are insufficient to initiate NF-kB signaling, (ii) SUMOylation of NEMO is also insufficient for NF-kB signaling, but (iii) a combination of ATM activation and NEMO SUMOylation may be sufficient to initiate an NF-kB activation pathway in certain cellular contexts. Our recent study suggests that ATM associates with and directly phosphorylates NEMO to mediate NF-kB activation (Wu et al., 2006) . Figure 6 The dual signal initiation model of NF-kB activation. SUMO stress inducers such as heat shock, electroporation and ethanol exposure induce SUMOylation of NEMO. ATM stress inducers such as chloroquine and hypotonic shock activate ATM without the induction of DSBs. Agents such as VP16, CPT, ionizing radiation (IR) and hydrogen peroxide induce both types of stress. Both stress pathways, NEMO SUMOylation and ATM activation, are needed to initiate the NF-kB activation pathway.
One major implication of our current study is that the repertoire of NF-kB inducers that employ the 'dual signal initiation' model is not limited only to certain DSB inducers. In the case of CPT and VP16, ATM activation may occur at the DSBs sites (Lee and Paull, 2004) and propagate diffusely in the nucleoplasm (Bakkenist and Kastan, 2003) . Diffuse ATM activity appears to assist NF-kB signaling, since ATM activation without the induction of DSBs could efficiently induce this pathway. These findings suggest that other DNA damaging agents, or even non-DNA damaging conditions, could also initiate the NF-kB pathway via the dual signal-initiation mode (Figure 6 ). In particular, while other NEMO SUMOylation stresses could not activate NF-kB on their own, H 2 O 2 was able to also activate ATM and IKK (Figure 4) . ATM activation was critical, since activation of IKK and NF-kB in response to H 2 O 2 was sensitive to inhibition by the ATM inhibitor wortmannin and/or siRNA against ATM in CEM cells. Thus, while activation of NF-kB (SchulzeOsthoff et al., 1995; Li and Karin, 1999) and ATM (Rotman and Shiloh, 1997; Barzilai et al., 2002) by H 2 O 2 have been observed in the past, our study uncovered H 2 O 2 as the first physiologically relevant inducer that can employ the dual-signal initiation model to activate NF-kB at least in certain cell systems.
NF-kB activation by oxidative stress appears highly variable and cell type selective, but the mechanism for this variability has been unclear (Schreck et al., 1991; Baeuerle and Henkel, 1994; Li and Karin, 1999; Janssen-Heininger et al., 2000; Schoonbroodt et al., 2000; Karin et al., 2001; Kamata et al., 2002; Takada et al., 2003) . A recent study by Piette's group has demonstrated the critical role of SH2-containing inositol 5 0 -phosphatase 1 (SHIP-1) in controlling NF-kB activation by H 2 O 2 in CEM and Jurkat JR cell lines (Gloire et al., 2006) . The presence of SHIP-1 promoted IKKdependent NF-kB activation. Similarly, we found that H 2 O 2 was an effective inducer of IKK activation in CEM cells but was a weak inducer of IKK activation in HEK293 cells (Wuerzberger-Davis, unpublished observations) . It would be of interest to determine the mechanistic relationship between SHIP-1 and the dual signal initiation mode of NF-kB activation by H 2 O 2 ( Figure 6 ). As oxidative stress can be induced by different signal transduction and stress conditions (Sen and Packer, 1996; Barzilai et al., 2002; Storz, 2005) and plays important roles in modulating a variety of cellular processes, including cell proliferation, survival, migration, DNA damage response, and tumor progression (Storz, 2005) , the dual signal initiation model of NF-kB activation could be relevant to some of these physiological and pathological situations under specific cellular settings. The definition of the dual signal initiation mechanism in the current study helps to conceptualize how individual or a combination of different stress conditions may funnel into this previously unappreciated signal transduction mechanism to regulate the activity of the ubiquitous transcription factor NF-kB.
Materials and methods
Cell culture and generation of 293kB cells, 293kB-EBV-I-SceI cells, and MEF-SUMO-NEMO cells Human CEM T leukemic, HEK293, and murine NEMOdeficient 1. 3E2 cells and derivatives were maintained as described previously (Huang et al., 2000) . The 3 Â kB-GFP reporter and CEMkB cells were described previously (Wuerzberger-Davis et al., 2005) . The 3 Â kB-GFP reporter was introduced into HEK293 cells by standard calcium phosphate precipitation methods (Huang et al., 2000) and selected with 1 mg/ml G418 (Mediatech, Herndon, VA, USA) to generate 293kB cells. NF-kB-dependent induction of GFP was confirmed by TNFa stimulation and inhibition by IKK and proteasome inhibitors (not shown). The I-SceI recognition sequence was cloned into the EBV p220.2 vector (Leight and Sugden, 2001 ) using the Sal1 and Xba1 cloning sites (see Figure 3e) . The construct was then introduced into the 293kB cells by standard calcium phosphate precipitation methods (Huang et al., 2000) and selected with 300 mg/ml hygromycin B (Roche, Indianapolis, IN, USA) and G418 to generate 293kB-EBV-I-SceI cells. Stable MEF-SUMO-NEMO cells were generated by introducing the HA-tagged SUMO-1-NEMO fusion constructs (Huang et al., 2003) into wild-type MEF cells by a standard calcium phosphate precipitation method followed by selection with 1 mg/ml G418.
Reagents and antibodies VP16, chloroquine, CPT, 30% H 2 O 2 , N-acetyl-L-cysteine (NAC), and propidium iodide (PI) were purchased from Sigma (St Louis, MO, USA). Human recombinant TNFa was purchased from Calbiochem (La Jolla, CA, USA). Pyrrolidinedithiocarbamic acid (PDTC) was purchased from Alexis Corporation (Lausen, Switzerland). DNaseI and restriction enzymes were purchased from Promega (Madison, WI, USA), Mnase and I-SceI enzyme were purchased from New England Biolabs (Ipswich, MA, USA), and Hygromycin B was purchased from Roche. Hypotonic buffer was made by lowering the NaCl concentration of PBS to 100 mM as described (Bakkenist and Kastan, 2003) .
Actin (C-11), c-MYC (9E10), GFP (B-2), GST (B-14), IkBa (C-21), IKKa (M-280) and IKKb (H-470) antibodies were purchased from Santa Cruz Biotechnology (Santacruz, CA, USA). Affinity-purified rabbit anti-phospho-ATM (S1981) was purchased from R&D Systems (Minneapolis, MN, USA), monoclonal anti-IKKg (NEMO) was purchased from BD Pharmingen (San Jose, CA, USA), monoclonal anti-SUMO-1 (anti-GMP1) was purchased from Zymed Laboratories (San Francisco, CA, USA), and monoclonal anti-a-tubulin was purchased from Calbiochem.
Western immunoblot analysis and electrophoretic mobility shift assay Cell preparation, Western blotting and electrophoretic mobility shift assay (EMSA) conditions were performed as described (O'Connor et al., 2004) .
Transfection of restriction enzymes
BioPORTER reagent (15 ml) (Genlantis) was mixed either with 85 ml of 1 Â PBS or 80 ml of 1 Â PBS containing 5 ml of PvuII restriction enzyme (50 U) and incubated at room temperature for 5 min according to the manufacturer's instructions. These mixtures were then added to 1.5 Â 10 6 CEMkB cells in 2 ml of growth media in a 15 ml Falcon tube, vortexed briefly, placed in 60 mm tissue culture dishes and then incubated for the times indicated in a 5% CO 2 incubator at 371C.
Electroporation of restriction enzymes, linear DNA and nucleosomes Cells were resuspended at a concentration of 5 Â 10 6 cells per 0.75 ml of growth media and 50 ml of restriction enzymes, linear DNA or nucleosomes were added. Electroporation was performed with 300 V and 950 mF in a Bio-Rad Gene Pulser apparatus with capacitance extender as previously described (Ager et al., 1991; Kinashi et al., 1995) . PvuII heat inactivation was performed at 651C for 20 min. The 293kB-EBV-I-SceI cells, describe above, were electroporated with buffer, I-SceI enzyme, or 50 U of PvuII enzyme as described above.
Detection of DSBs
DSBs were quantified using the APO-BRDU Kit (BD Pharmingen). Cells were treated with 200 U of RQ1 DNase I (Promega) at 371C for 15 min to remove any extracellular DNA released or adherent to cells to eliminate false signals. Cell samples were processed according to manufacturer's directions and analysed for PI and fluorescein isothiocyanate (FITC) labeling on a FACScan flow cytometer (BD Pharmingen).
Kinase assay
The IKK kinase assay (Huang et al., 2002) was described previously.
NEMO SUMOylation by stresses Electroporation was performed as described above. 1.3E2 cells stably reconstituted with Myc-NEMO (10 Â 10 6 cells) were treated with 5% ethanol in growth media for the times indicated at 371C in a 45% CO 2 incubator. Heat shock stress was induced by first placing Myc-NEMO cells (10 Â 10 6 cells resuspended in 2 ml of growth media) into a 5 ml polystyrene round-bottom tube (BD Pharmingen) and then submerging the tube in a 431C water bath for the times indicated with occasional mixing. The SUMO-1 immunoprecipitation assay (Huang et al., 2003) was described previously.
